Introduction
The topic of near-wall reacting flows has recently gained significant attention for the development of modern internal combustion engines (ICE) with lower cylinder volumes and higher power densities.
These downsized, boosted ICE concepts provide greater efficiency, but are subject to challenges such as increased transient heat transfer and flame quenching, which limit efficiency gains. A detailed understanding of the physical processes of mass, momentum, and heat transfer (and their mutual interactions) near surfaces is required for successful development of modern ICE technologies.
In spark-ignition engines, gas phase convection is regarded as the primary mechanism of near-wall heat transfer [1] [2] [3] . The accuracy with which one can predict this energy transfer often lies within the ability to resolve the velocity boundary layer. ICE simulations based on LES and RANS require wall models to compute wall shear stress and heat flux gradients in the thin boundary layer. Most models are based on the law-of-the-wall, originally derived from steady channel flow [4] . Recent experimental and DNS studies report strong deviations of engine boundary layers compared to the law-of-the-wall [5, 6] such that the predictive capabilities of present wall modelling approaches in ICEs are rather limited and investigations of near-wall flows are urgently needed [4, 7] .
Detailed experimental measurements are required to resolve boundary layer physics and provide valuable databases for model development. Hybrid particle image velocimetry (PIV) and particle tracking velocimetry (PTV) techniques have significantly advanced the level of detail in which engine boundary layer flows can be experimentally investigated. Previous investigations [5, 8] utilized PTV to reveal several sub-millimeter vortices moving through the outer boundary layers in an ICE. Notable simulations of these experiments also demonstrated that the large-scale tumble flow introduces substantial pressure gradients in the outer boundary layer [9] . These unsteady flow features demonstrated significant deviations from common equilibrium model predictions, while significant improvement was achieved using non-equilibrium wall models [9, 10] .
Previous experiments and simulations have focused on non-reacting boundary layer flows, while combustion cases remain limited. Foster and Witze [11] used laser Doppler anemometry (LDA) to measure boundary layer thickness after combustion. Combustion yielded larger boundary layer thickness than motored operation, primarily due to an increase in fluid viscosity. Due to inherent limitations of LDA measurements, detailed analysis of the interaction between the flame and flow was not possible. The transient behavior of the bulk-and boundary layer flow in response to an advancing flame front must be well-understood to predict detailed flame propagation near engine surfaces [12] .
The aim of this work is to study the transient near-wall flow development associated with an approaching flame front. Flow-field and flame distributions were measured simultaneously at kHz repetition rates using PTV and planar laser induced fluorescence (PLIF) of sulfur dioxide (SO2).
Measurements were performed near the piston surface of an optically accessible engine. Analyses focus on flame development for different velocity distributions existing before ignition. A strong interdependency between flow and flame development is shown which subsequently influences combustion. Near-wall velocities tangent to the piston surface are correlated with in-cylinder pressure to evaluate combustion performance. Unsteady flow phenomena associated with flame development are observed, which significantly affect boundary layer development.
Experimental

Engine
Measurements were conducted in a single-cylinder spark-ignition optical engine. The engine is equipped with a 4-valve pentroof cylinder head, centrally-mounted spark plug, and quartz-glass cylinder and flat piston. The engine was not operated with induced swirl. Further details of the engine and inlet flow characterizations are described in [13] [14] [15] . The engine operated at 800 rpm with portfuel injection of isooctane. Additional operating conditions are shown in Table 1 . Figure 1 shows the average in-cylinder pressure trace. Ignition timing is highlighted and the fired pressure trace deviates from the motored trace around −7°CA (crank angle degrees are referenced to top-dead-center compression). The standard deviation indicates cyclic variations which lead to a variation in both maximum in-cylinder pressure (Pmax) and the location of Pmax. fluorescence shows a strong increase with temperature upon excitation with UV light [16] . This has already been successfully demonstrated for flame imaging in engines [17] . corrective lens was used to correct optical aberrations induced by the cylinder glass [18] . The optical resolution (101µm) was determined using a Siemens star target with a local median filter applied to target images. The PLIF system recorded a 12 x 9 mm 2 field-of-view (FOV) near the piston surface.
Optical setup
The FOV is slightly offset from the cylinder axis towards the spark plug where the flame can be studied during its early development phase. The slight offset with the cylinder axis maintained sufficient optical correction with the large magnification.
The flow-field was measured in the central symmetry plane using a hybrid PIV/PTV technique.
Silicone oil droplets (0.5µm diameter) were seeded into the intake air. The particle response time was calculated to be tp=0.42µs for the in-cylinder conditions after ignition [19] . This is negligible compared to the laser pulse separation of dt=8µs. The particles were illuminated with a frequency doubled Nd:YAG laser (Edgewave, INNOSLAB). A laser sheet was formed (20mm width, 60µm
FWHM thickness) overlapping the same path as the UV laser and guided into the engine. Mie scattering was detected using a CMOS camera (Phantom v711, LaVision) equipped with a 180mm macro lens (Sigma, f#=8) and 45mm extension rings. The camera was slightly tilted vertically to reduce vignetting at the piston. A corrective lens was used to reduce optical aberrations due to astigmatism. The magnification was M=1.9 (95pxl/mm).
All cameras and lasers were synchronized to the crank shaft with a timing unit (HSCv2, LaVision).
For a given recording, five work/rest sequences (250 fired and 350 motored cycles) were performed and measurements were recorded for the last 100 fired cycles of this sequence. Flow-field images were recorded from −27°CA to −1.8°CA every 1.2°CA (4.1 kHz), while PLIF images were acquired from −13.8°CA to 9.6°CA every 0.6°CA (8.2 kHz). PTV measurements were also recorded for motored (non-fired) cycles acquired after each fired-cycle sequence. Flow-field images were acquired for a total of 60 motored cycles, when engine surfaces remained hot and exhaust temperatures showed a decrease of 7 o C to the maximum fired temperature.
Data processing
Images of a spatially defined target (LaVision) within the engine were used to calibrate PLIF and PTV images using a 3 rd order polynomial fit to match viewing planes of each system. PLIF images were processed in MATLAB. Background correction was applied using the signal of non-fired cycles. A sheet correction was performed when the flame filled the FOV. A 13x13pxl 2 (161µm) moving median filter was applied to the flame images. Images were then binarized with local, adaptive thresholds determined within a moving 50x50pxl 2 window. The local probability of burnt gas (referred to as "flame pdf") was calculated from binary images that identified the burnt gas at fixed CA.
Flow-field measurements were calculated using Davis 8.4.0 with a hybrid PIV/PTV algorithm [20] .
Image preprocessing included a moving background subtraction and particle normalization (9 pxl window size). PIV vectors were calculated with decreasing window size (64 to 32 pxl), 75% overlap, and adaptive interrogation window shape. Vectors with correlation values below 0.1 were removed.
PTV was calculated for a particle size range of 2-5pxl and a correlation window size of 8pxl. The same vector post-processing was applied as for the PIV steps. A denoising filter was applied using a polynomial fit of 2 nd order.
Binarized flame images were used to mask the location of the flame in PTV images. For some images, out-of-plane flame locations caused significant beam steering causing particle locations to become defocused. These regions were identified using a local standard deviation filter. Vectors at positions where the local standard deviation was low (indicating a weak particle signal) were removed. The piston position was determined using phase averaged images from which the peak intensity location was determined [21] .
Unstructured PTV vectors are mapped onto a regular mesh to present flow-field statistics at a resolution superior to PIV [22] . The average vector distance in the images was 110µm. Velocity vectors were spatially averaged onto a Cartesian mesh with ∆x/∆y=0.5mm/0.05mm, providing more than one vector per cell and cycle on average. Vectors demonstrate the high spatial resolution and superimposed streamlines indicate the flow direction.
Near-wall flame/flow imaging
Flow/combustion correlation
A correlation analysis was conducted to understand the relationship between near-wall flow and combustion. Figure 4 shows a 2D correlation map between horizontal velocity ( ) spatially averaged over a 1x1mm 2 window and maximum cylinder pressure (PMAX). The correlation coefficient was calculated using:
Where i indicates the cycle, the overbar indicates the average value of the full sample and is the 
Conditional averaging analysis
This section presents conditional average findings based on cycles with high and low VX above the piston surface (Fig. 4 , blue rectangle). Figure 5 shows conditionally averaged flow-fields and flame statistics for 4 data sets.
• A: 200 fired cycles
• AW: 100 cycles from A with weak flow (VX > −4.3m/s)
• AS: 100 cycles from A with strong flow (VX < −4.3m/s)
• AM: 60 motored cycles Accordingly, cycles are classified as strong (weak) if the flow magnitude within the blue rectangle of In agreement with Fig. 3 , conditional analysis further reveals a two-way cause-and-effect relationship between the flame and flow-field. Faster flame development can be associated with higher initially velocity magnitudes. It is anticipated that flow velocity is not only faster near the wall, but also at other chamber locations, which can be a driving force for faster flame propagation. This phenomena can be seen in previous flame/flow studies within this engine [24] [25] [26] . At the same time, flame propagation in the FOV also accelerates unburnt gas downstream the flame, generating higher velocities. For the AW subset, the unburnt gas flow acceleration above the piston is slower due to retarded flame propagation. Although, the unburnt flow eventually accelerates, flow velocities remain about two times slower for AW than for AS.
It is compelling that the motored subset (AM) exhibits a decreasing flow velocity with increasing CA.
Additionally, the motored flow does not exhibit such a strong parallel flow alignment with the piston surface. It is evident that higher velocities parallel to the piston surface are a direct result from flame expansion and that this will have a strong impact on boundary layer development and the requirements to properly predict it. Figure 6 presents VX profiles normal to the piston surface ( ′ ) to study trends in boundary layer development. Velocities are reported from the 0.5mm/0.05mm (x/y) mesh spacing. Velocities are spatially averaged between x=−0.25 to 0.25mm for each 0.05mm increment normal to the wall. Figure   6 reports ensemble-average VX velocities of unburnt gas (every 4 th data point highlighted) with the first data point at ′ =0.025mm from the piston. Bars, indicating the 95% confidence interval of the mean (Δ x,95% ), are largest at ′ =0.025mm due to reduced number of vectors and moderate variations in VX. The location of δ75=0.75VX,MAX is indicated in Fig. 6 to discuss qualitative trends of boundary layer development between different subsets and recorded CA. The value δ99, often identifying the boundary layer thickness for steady flows [27] , is not reported because of the unsteady nature of the bulk flow. In-cylinder pressures are reported in Fig. 6 . Standard deviations were below 0.1bar at each CA presented (see also Fig. 1 ) and differences between the datasets were below 0.1bar.
Velocity profiles normal to piston
The 75 values reported in Fig. 6 include horizontal bars that indicate the range of 75 values associated with the confidence interval of the mean VX values (termed ΔVX.,95%). These horizontal bars represent the 75 confidence interval. In some instances these bars are large and require interpretation.
The reader is reminded that the flow is turbulent and the flow structure can exhibit large variation from cycle-to-cycle. Furthermore, the bulk velocity is not spatially uniform (e.g. vortex shown in Fig. 3 ).
These aspects yield considerable ΔVX,95% values (i.e. vertical bars). The length of the horizontal bars depends both on the gradient of the mean VX profiles and the magnitude of ΔVX,95%. When the 75 position is located at low mean VX gradients and large ΔVX,95% magnitudes, the horizontal bars become notably long especially towards higher ′ values. This is particularly true for the motored dataset at -9.0 and -7.8 o CA where VX values are amongst the lowest and ΔVX,95% values are the largest. which may suggest that the decrease in δ75 may be attributed to the velocity increase. However, AM also exhibits a decrease of δ75 at −7.8 o CA (albeit not as drastic), but a decrease in velocity. This observation is inconsistent with the fired subsets. Larger statistics from more cycles (especially motored limited to 60 cycles) and at additional CA would help evaluate these trends further.
Flow acceleration, attributed to flame expansion, rapidly increases velocity gradients and the boundary layer development becomes highly transient. 
Conclusions
Simultaneous measurements of PTV and SO2 PLIF are utilized to study the interaction between flow and flame development near the piston surface in an optically accessible SI engine. The engine The interaction of flow and flame close to the wall shows that sufficiently resolving the boundary layer is of great importance on the path towards predictive simulations. The results of this study can
give a good comparison to simulations but also show that more studies (numerical and experimental) are needed to assess the complex inter-dependencies within ICE combustion.
Further measurements will include wall temperature measurements that will help calculate wall shear stress and transient heat flux measurements. Such measurements are intended to provide a better understanding of boundary layer development for reacting flows in IC engines. 
